Time-dependent aggregation of a plasmid-encoded L-galactosidase fusion protein, VP1LAC, has been carefully monitored during its high-rate synthesis in Escherichia coli. Immediately after recombinant gene induction, the full-length form of the protein steadily accumulates into rapidly growing cytoplasmic inclusion bodies. Their volume increases during at least 5 h at a rate of 0.4 Wm Q h 3I , while the average density remains constant. Protein VP1LAC accounts for about 90% of the aggregated protein throughout the building process. Minor components, such as DnaK and GroEL chaperones, have been identified in variable, but low concentrations. The homogeneous distribution of inclusion bodies among the cell population and the coexistence of large, still growing bodies with newly appearing aggregates indicate that the aggregation cores are mutually exclusive, this fact being a main determinant of the in vivo dynamics of protein aggregation. z
Introduction
Protein aggregation is involved in important human and animal diseases and it has become the object of intense investigation. In bacteria, the overproduction of heterologous proteins often results in the formation of insoluble, quite homogeneous protein aggregates called inclusion bodies (IBs) [1] . While in a production context, IB formation represents a major obstacle that can be partially overcome by the solubilization and refolding of active protein [2] , it also o¡ers an intriguing model to explore the molecular basis of misfolded protein-protein interactions [3, 4] . Although structural analyses of IBs abound, the in vivo kinetics of IB formation has been poorly studied. In this work, we have explored the construction of IBs in Escherichia coli cells producing the model chimeric protein VP1LAC [5] . The aggregation of VP1LAC molecules in the cell cytoplasm takes place at nearly constant rates, around nucleation cores that are mutually exclusive. The regularity of protein aggregation permits a steady growth of IBs throughout the productive phase of the culture.
Materials and methods

Plasmids and bacterial strains
The E. coli strain BL21 lon ompT hsdS gal [6] was used for recombinant gene expression from plasmids pJCO46 and pJVP1LAC [4] . The absence of the protease La in this strain reduces the proteolysis of recombinant proteins and favors the generation of larger IBs [5] . Brie£y, pJCO46 is a pJLA602 [7] derivative and harbors the E. coli lacZ gene, the CI857 ts repressor gene and an ampicillin resistance marker. pJVP1LAC [4] is a pJCO46 derivative that carries the VP1 gene of foot-and-mouth disease virus (FMDV) fused upstream of the bacterial lacZ gene. In both cases, the expression of recombinant genes is directed by the bacteriophage lambda p v and p promoters placed in tandem. More details of these constructions have been given elsewhere [5, 8] .
Cell culture and conditions for recombinant gene expression
Luria-Bertani (LB) medium [9] was used for cell growth. Aliquots from overnight cultures were inoculated at 1:50 to 50 ml of fresh medium with 100 Wg ml 3I ampicillin, in 500-ml shaker £asks, and incubated at 28³C and 250 rpm. When the cultures reached an optical density at 550 nm (OD SSH ) of 0.3 units, £asks were transferred to a pre-warmed bath at 42³C to promote recombinant gene expression, and they were further incubated for several hours. L-Galactosidase enzymatic activity was determined as previously described [10] .
Puri¢cation of inclusion bodies
Culture samples were taken at di¡erent times during the induction period. For the puri¢cation of inclusion bodies, cells were lysed and fractionated by a lysozyme-NP40 standard procedure [9] . In a ¢nal step, puri¢ed inclusion bodies were washed twice with Triton X-100 and resuspended in lysis bu¡er (Tris-HCl 50 mM, EDTA 1 mM, NaCl 100 mM).
SDS-PAGE analysis
Puri¢ed IBs were boiled for 10 min in denaturing bu¡er with 4 M urea [11] . Volumes corresponding to equal cell density were loaded on 3.5% stacking and 7% separation gels. After SDS-PAGE, gels were stained with Coomassie blue. Alternatively, proteins were electroblotted onto nitrocellulose ¢lters to immunodetect L-galactosidase and VP1LAC with a rabbit serum elicited against the native enzyme. Rabbit sera elicited against commercial DnaK and GroEL were also used to identify these chaperones. The relative amounts of recombinant proteins were calculated from densitometric analysis of L-galactosidase immunoreactive bands, always within a linear range. To determine the actual concentrations of recombinant proteins, known amounts of commercial, native L-galactosidase (from Boehringer Mannheim) were loaded as standards as previously described [12] .
Image analysis
Samples of the VP1LAC-producing cultures were taken at di¡erent times, ¢xed with 0.1% formaldehyde and stored at 4³C until use. Photographs were taken at U1000 magni¢cation factor, in an Olympus BH2 optical microscope. Cell images were digitized from slides with an ScanJet 4c/T (Hewlett Packard) and further analyzed with the UTHSCSA ImageTool program to calculate volumes of both IBs and cells. Ovoid and cylindric shapes, both commonly observed in IBs, were considered, and volumes (v) were calculated according to the following standard equations:
w and l being width and length respectively. For the measure of cell volume, we used the perimeter (p) and the area (a) of the scanned cell images, since these parameters have been shown to be the most reliable for such a determination [13] . Therefore, w, l and v were calculated according to the previously described [13] equations:
About 100 cell images were processed for each sample.
Results and discussion
Formation of IBs upon recombinant VP1LAC gene expression
Immediately after the temperature up-shift, polar, ovoid cytoplasmic particles were detected by optical microscopy in BL21/pJVP1LAC cells after 1 h, being refractile under phase contrast microscopic observation and showing a continuous increase in volume (Fig. 1) . These aggregates were not observed in cells producing non-fused L-galactosidase from the parental vector pJCO46 (not shown). The formation of protein aggregates was not exclusive to speci¢c cell sub-populations, since IB-free cells were not detected up to 3 h after recombinant gene expression (Fig. 2) . However, from this time on, IBs were absent in an increasing fraction of cells (Figs. 1 and 2) , probably caused by the decline of cell biosynthetic capabilities and a decrease in recombinant gene dosage.
IB composition in VP1LAC-producing bacteria
The time-dependent analysis of protein composi- tion of puri¢ed IBs (Fig. 3) revealed the presence of a major band of about 140 kDa, corresponding to the intact form of VP1LAC [14] . The amount of recombinant VP1LAC in the insoluble cell fraction was undetectable before induction (see time 0 in Fig.  3 ) but it rapidly increased after the temperature shift at nearly constant rates and at least during 5 h (Figs.  3 and 4A) . Despite this constancy, there is a signi¢-cant variability in the VP1LAC aggregation rates in di¡erent production experiments (between 4 and 25 ng ml 3I h 3I ), which among other reasons might be caused by di¡erences in plasmid maintenance and cell density or physiological state during the production process. VP1LAC was the major component of IBs, accounting for 80^100% of the total protein (Fig. 4B) . This percentage remained almost stable from 2 h on and throughout the production period, despite the continuous incorporation of newly synthesized protein. Chaperones DnaK and GroEL were also identi¢ed among the minor IB components, always representing less than 5% of the total insoluble protein (not shown). These proteins could have been entrapped in VP1LAC aggregates by a direct interaction with misfolded recombinant protein molecules, or alternatively they could have adsorbed unspeci¢cally to pre-formed IBs during the puri¢cation process. However, it is noteworthy that although recombinant protein production stimulates synthesis of chaperones and other stress proteins [15] that interact with the inducing proteins [16, 17] , their presence in IBs is not a general event [18] , suggesting a protein-speci¢c co-precipitation of chaperones. The loss of aggregated VP1LAC observed between 5 and 25 h (Fig. 4A ) might indicate that the IB composition su¡ers modi¢cations in stationary-phase cells.
Continuous growth of IBs in producing bacteria
A continuous increase of the average IB volume was observed throughout the synthesis of VP1LAC, ranging from about 0.05 Wm Q after 1 h induction to more than 0.6 Wm Q after 5 h (Fig. 5A) . Although it has been postulated that the IB size depends on the protein amino acid sequence and genetic features of the producer strain [18] , the data presented here demonstrate a permanent growth of IBs while the recombinant protein is produced. This suggests that the aggregation rate could be determinant of the observed IB volume at particular stages of formation. The minor enlargement of the average cell volume, from 0.6 to 0.85 Wm Q , which is not observed in cells producing a recombinant L-galactosidase (Fig.  5A ), could be partially accounted for by the growth of cytoplasmic IBs. Density values of IBs are available for some model proteins [19] , but their putative variation during IB formation had not been analyzed. When plotting the amount of insoluble VP1LAC versus average IB volume, a linear correlation is observed considering both ovoid and cylindrical IB shapes (Fig. 5B) . Since the recombinant protein is the main component of IBs (Fig. 4B) , this correlation suggests that VP1LAC IB density does not su¡er dramatic variations during the building process. The increase in the average IB volume is accounted for by a wider volume distribution in older cell samples (Fig. 6 ), in which a fraction of small, probably newly generated IBs can still be observed (see also Fig. 1, arrow) . The permanent presence of small particles indicates that new aggregates could be continuously generated, despite old ones still growing. By assuming that the largest IBs at time 5 h are the oldest ones, an average building rate of 0.4 Wm Q h 3I can be estimated.
Distribution of IBs in producing cells
The distribution of IBs in BL21 producing cells was monitored during the thermal induction of VP1LAC gene expression. Up to two IBs were found in IB-bearing cells in all the scanned samples, those carrying only one being the most abundant. Surprisingly, from 1 h on, the percentage of cells carrying two IBs remained extremely constant around 25% (Fig. 7) , suggesting that VP1LAC aggregation cores are mutually exclusive and that their formation can be prevented by pre-formed ones. The high fraction of cells containing two IBs, observed immediately after induction but not later, might indicate that a minimal amount of already aggregated protein is required for e¤cient exclusion. A cause for IB interference could be a ribosome concentration by entrapping into aggregation cores, during the precipitation of elongating polypeptide chains. However, the presence of IBs in the totality of cells during almost 3 h (Fig. 2) indicates that ribosome distribution during cell division must not be dramatically unbalanced. Alternatively, the convergence of partially soluble aggregation intermediates into size-dependent nucleation cores might be the cause of the restricted number of IBs. The activation of protease target sites in VP1LAC and related proteins, within the insoluble cell fraction [14, 20] , indicates the existence of misfolded, partially precipitated protein forms that are still reactive before their complete aggregation. These loose forms could only be condensed in large IB cores, thus preventing the formation of multiple IBs in a single cell. Detailed kinetic analyses would be required to deeply elucidate the nature of the exclusive IB formation.
